Understanding physical and chemical processes at an organismal scale is a fundamental goal in biology. While science is adept at explaining biological phenomena at both molecular and cellular levels, understanding how these processes translate to organismal functions remains a challenging problem. This issue is particularly significant for the nervous system where cell signaling and synaptic activities function in the context of broad neural networks. Recent progress in tissue clearing technologies lessens the barriers that previously prevented the study of large tissue samples while maintaining molecular and cellular resolution. While these new methods open vast opportunities and exciting new questions, the logistics of analyzing cellular processes in intact tissue have to be carefully considered. In this protocol, we outline a procedure to rapidly image intact brain tissue up to thousands of cubic millimeters. This experimental pipeline involves three steps: tissue clearing, tissue imaging, and data analysis. In an attempt to streamline the process for researchers entering this field, we address important considerations for each of these stages and describe an integrated solution to image intact biological tissues. Hopefully, this optimized protocol will lower the barrier of implementing highresolution tissue imaging and facilitate the investigations of mesoscale questions at molecular and cellular resolution.
Introduction
Mapping the structure and connectivity of neural circuits is essential to understand brain function in both healthy and diseased states. A powerful set of tools already exists to characterize neural circuits, processes, synapses, and proteins at multiple spatial resolutions. For example: classic retrograde and anterograde tracing techniques efficiently map the broad connections between brain regions [1] [2] [3] , viral strategies allow entire neural circuits to be traced from genetically defined neural populations [4, 5] , and histological techniques such as antibody staining and in situ hybridization allow the precise localization of individual biomolecules [6, 7] . Central to each of these techniques is the need to analyze the location, shape, and connectivity of individually labeled neurons, synapses, or proteins. In the past, processing histological brain tissue typically required sectioning samples into thin (~10-100 um) sections to allow visualization of deep structures. The process of sectioning tissue can be time consuming, difficult to automate, prone to tissue imperfections (tearing and folding), and destroys many essential long-range connections. Recent advances in tissue clearing techniques, however, make mapping neural circuits within large volumes of intact tissue both feasible and practical [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Techniques for making biological samples transparent date back more than a century [18, 19] , and the potential for these strategies to image large volumes of intact tissue at high resolution is finally being realized ( Figure 1, 2 and 3 ). Each tissue clearing protocol has both drawbacks and benefits, most of which have been discussed previously [20, 21] . Instead, our goal here is to: 1) Outline a cost-effective and reliable protocol in sufficient detail to rapidly produce high-quality tissue samples; 2) Indicate factors within this protocol that are particularly sensitive and provide guidance on the selection of these parameters; 3) Describe the process of preparing tissue for imaging; 4) Compare and contrast microscopy strategies for imaging large volumes of brain tissue; 5) Discuss important considerations for the analysis of the potentially massive datasets generated by this approach.
The procedures outlined below are intended as a reasonable entry point for imaging large volumes of intact tissue; however, some refining of these procedures will undoubtedly be required to optimize results with each unique preparation. Important parameters that may require tuning are indicated throughout the protocol.
Materials

Sample considerations
Fluorophores of choice (see Note 1 and 2)
Electrophoresis equipment
Parts list for buffer re-circulating system for CLARITY electrophoretic clearing (see Note 3)
Vendor
Item description Catalog No.
Grey Beard Pumps
The Niagara with 120-Volt 
Microscopy Equipment
Most imaging systems were not designed to image samples centimeters in size; however, with careful consideration of the working distance of available objectives, sample mounting technique, and refractive index of the final clearing solution a number of homebuilt and commercially available confocal, multi-photon, and lightsheet microscopes can be adapted for this task.
Objectives
The objectives available will determine the maximum depth in the sample can be imaged, what lateral and axial resolutions can be obtained, and which microscopy techniques are best suited to the experiment.
Working Distance
In a properly cleared, highly transparent tissue, imaging depth is most often limited by objective working distance. Routinely, only low numerical aperture (NA) objectives (less than 0.5) have a working distance greater than 2 mm. Unfortunately, if the NA is too low, 3D imaging is not worthwhile due to the poor axial resolution. Currently, researchers must choose between one of three options.
1. Recommended: a number of long working distance (above 5 mm), high NA (more than 0.9) objectives are now commercially available and can be used in conjunction with confocal, multi-photon and lightsheet microscopes.
2. Alternative #1: a low/moderate NA (less than 0.6), long working distance objective can be used in a lightsheet configuration where the thinness of the lightsheet, and not the imaging objective, determines the axial resolution [26, 14, 17] .
3. Alternative #2: an objective with a modest NA and long working distance (at least 3 mm) can be used in conjunction with a chamber that places the sample between two coverslips [8] .
Here, approximately half of the sample is imaged from each side and the two 3D volumes are merged using image processing software. 2. Alternative #1: Use a moderate to low NA water immersion objective. Although, not perfect, the refractive index of water, 1.33, is a closer match than air. Additionally, the lower NA will be less susceptible to aberration and the objective will have a longer working distance.
3. Alternative #2: The introduction of adaptive optics to some imaging platforms can be used to correct for aberrations and improve imaging depth and resolution [27] .
Imaging Modality
Two commercially available modalities exist that can be adapted to imaging large, cleared tissue samples: point-scanning confocal (see Note 6), and lightsheet microscopy.
Point-Scanning Confocal Microscopy
Most commercially available confocal microscopes can be used (Figure 1) , however, the following modifications are highly recommended. Lightsheet imaging of large, cleared tissues has mainly been performed using two designs, both of which have now been commercialized:
1. Ultramicroscopy [9] uses a setup similar to a dissecting microscope. The sample is placed in the base of the microscope containing optics that produce a thin lightsheet that can be focused through the sample. A long working distance, low NA air objective or moderate NA dipping objective capable of capturing a large field of view sits above the sample. Here the entire sample can be imaged in a single field of view, or zoom optics and a mechanical stage can be used to reduce the field of view and tile and stitch together a final image. Fluorescence captured by the imaging objective is projected onto a camera.
2. Selective plane illumination microscopy [28] suspends the sample in front of a standard compound microscope objective between two additional excitation objectives that project a lightsheet into the sample. In this system, the sample is raster or 'tile' scanned in front of the imaging objective as it is too large to fit in a single field of view. The fluorescence captured by the imaging objective is delivered to a camera. By removing the need for laser scanning, an entire Z plane can be captured in as little at 10 milliseconds. This means an entire brain can be imaged in a few hours or less, depending on the field of view of the microscope ( 1. FIJI / ImageJ / BioFormats are useful to convert proprietary file formats to .tif, downsample data, and stitch tiles [30, 31] . Additionally, a large and growing number of plugins are available that enable a wide range of procedures (image filtering, cell counting, co-localization, and many more).
2. Vaa3d [32] allows fast and detailed 3D visualization of image stacks. While currently more limited in analysis capabilities, the array of plugins available for Vaa3d is rapidly growing (Figure 3 ).
3. Commercial software suites such as Arivis Vision4D (Arivis AG) and Imaris (Bitplane) are also capable of handling TB-sized data sets, provide 3D rendering, and allow a diverse range of data analysis tools. 1. Perfuse animal with 50 ml PBS followed by 25 ml hydrogel monomer solution and transfer the brain tissue to a sealable tube containing ~25 ml cold hydrogel solution [8] .
Methods
Electrophoretic clearing of mouse brains
2. Flush excess oxygen from the tissue-containing tube with nitrogen gas.
3. Keep brains at 4 o C (with aluminum foil to shield them from light) for 2 days, inverting 1-2 times on the second day.
4. After 24 hours (this may be extended), replace oxygen with nitrogen a second time.
Because oxygen inhibits acrylamide polymerization, it is important to remove as much oxygen from the tissue containing tube as possible before initiating acrylamide polymerization (step 5). Alternating rounds of exerting a vacuum on the uncapped tissue-containing tube and replacing the removed gases with pure nitrogen can easily achieve this. Repeating this step 3 times evenly spaced over 15 minutes is sufficient.
5. Bring a water bath to 38 o C and move the tube containing the brain directly from ice into this water bath (see Note 7).
6. Carefully remove the brain from the hydrogel, and gently roll the brain across a Kimwipe to take off any remaining hydrogel. (see Note 8).
7. Wash the brain in PBST overnight at room temperature while rocking 8. Wash the brain in clearing solution overnight at room temperature while rocking (See Note 9)
9. Place brain into an electrophoresis chamber, tighten the cap, and cover with aluminum foil to prevent exposure to ambient light.
10. Turn on the pump and allow clearing solution to flow for several minutes before turning on the electrophoresis power supply.
11. Adjust the voltage to achieve an initial current of ~0. 
Imaging cleared brains
Sample Mounting
Determining the best way to mount samples requires consideration of both the imaging system and objective to be used. Coverslip-corrected objectives require a coverslip to be placed between the sample and the objective. Ensure the coverslip is the correct thickness (usually #1.5, 0.17mm) and that the coverslip rests perfectly flat. It is absolutely essential to remove all air bubbles from the mounted sample, as it is impossible to image through air bubbles regardless of the specific imaging strategy (see below). If the working distance of the objective is insufficient to cover the entire sample, sandwich the sample between two coverslips and image from both sides. A suggested dual coverslip chamber design is presented in . A more convenient option is to use a dipping objective on an upright microscope. In this configuration the sample can be glued to a petri dish, which is filled with the final clearing solution, assuming the objective has the required working distance. Finally, certain lightsheet designs require the sample to be suspended in a fluid filled chamber. One successful strategy is to glue a small magnet to the base of the tissue away from any regions of interest, and use this magnet to reversibly mount the tissue.
Whether using confocal or lightsheet imaging, it may be helpful to acquire an additional data channel of auto-fluorescence or reflected light. This is best done with a long wavelength (>600 nm) laser as it has the best ability to penetrate through the tissue. This dataset can serve multiple purposes including: 1) image registration and 2) subtraction of the tissue autofluorescence signal from fluorescently labeled channels. 2. Fill the imaging chamber with OptiView, and lower the brain into the microscope chamber.
3. Allow the tissue sample to rest in the imaging chamber for several hours prior to imaging (optional, see Note 9). This allows time to equalize any refractive index differences that may have developed during the mounting procedure, air bubbles at the top of the imaging chamber to disperse, and temperature differences to normalize. During this step, it is important to cover the imaging chamber to prevent evaporation of the imaging medium.
4. Acquire tiled z-stacks of the desired regions with at least 5% overlap between tiled views. 5% overlap is important to ensure the images can be accurately stitched together into a single dataset. Often, it is helpful to image large tissue samples from multiple angles, as distinct regions of any tissue sample will be imaged most clearly when the light path distance is minimized.
5. After imaging, remove brain and place in PBST at 4 o C for storage.
Data merging / Image processing
If the sample is larger than a few mm in any direction, it is likely that multiple image stacks will need to be stitched together, and a variety of tools exist to make this process easier, more accurate, and efficient. Two options stand out as particularly effective for large datasets.
1. The grid/Collection stitching feature in FIJI [30] is easy to use and suitable for small datasets. As the program is memory intensive, large datasets must be processed in virtual stack mode, which increases processing time. An advantage of this method is that the output transformation can be applied to images of any size and/or color that share the same reference frame.
Terastitcher -Built as a standalone program, as well as a plugin for FIJI and Vaa3D.
Terastitcher provides a fast and accurate means to assemble multiple tiled image stacks into a large 3D volume dataset and allows non-rigid stitching [33] . Terastitcher is more efficient with memory usage and suitable for larger datasets.
Reducing Artifacts
The most common artifacts seen during imaging are dark lateral (lightsheet) or axial (confocal) stripes. These are most often caused by the introduction of air bubbles into the sample or hydrogel, the accumulation of debris on the sample surface, or poorly cleared tissue regions.
Lightsheet microscopes are more susceptible to casting shadows behind areas of strong staining due to the high absorption of excitation light in these regions. To reduce these artifacts:
1. Only handle the sample in a clean environment. Do not allow towels or blotting paper that will deposit lint to come in contact with the sample.
2. Avoid puncturing/damaging the hydrogel or sample with sharp forceps or other dissection tools.
3. Keep samples fully submerged in imaging medium at all times and transfer tissue samples (that are not enclosed by a coverslip) to the imaging chamber as quickly as possible to reduce the introduction of air bubbles.
4. Prior to filling the sample holder/imaging chamber ensure it is completely dry and no aqueous solutions are present that could alter the RI of the imaging solution.
5. In a lightsheet microscope, illuminating the sample from both the left and right sides relative to the imaging objective can reduce artifacts provided both lightsheets penetrate to the current field of view.
6. The introduction of a resonance scanning mirror that "pivots" the lightsheet allowing it to enter the sample from multiple angles can greatly reduce stripe artifacts [29] . However, care should be taken with this step as pivot scanning may introduce additional noise if the refractive index of the medium is not properly calibrated for the objectives.
7. Many image processing software packages have a line or stripe removal option. This often relies on identifying stripes in a Fourier transformation of the image and removing that data from the Fourier transform. Caution: this is not compatible with intensity-based analyses as required data may be removed.
Troubleshooting
Inconsistent clearing:
Perhaps the most common cause for inconsistent clearing is that the tissue sample is highly myelinated. White matter is more resistant to the clearing process, and often requires longer durations of active or passive clearing. If the white matter remains opaque, one should extend the clearing time until better results are obtained. Extending the duration of passive clearing at 37° C can also be effective. If extending the clearing procedure is not successful, it will likely be necessary to reduce the tissue size.
Cleared brains have brownish tint and/or burnt spots:
One common problem of the electrophoretic step is that brains obtain a yellow or brown color. Some yellowing should be expected, however, excessive voltage, duration, or heat during clearing can potentiate this issue. It is recommended to lower the voltage and current and to monitor the temperature carefully. Another approach is to clear tissue in multiple short periods of time. For example, alternating hours of active and passive clearing. Tissue that comes into close, or direct, contact with electrodes may show burnt spots. Make sure that the electrophoresis chamber has enough room so that the brain does not come in direct contact with the electrodes.
3. Low fluorescence compared to freshly fixed tissues:
There will be some fluorescence loss from the clearing procedure. However, further fluorescence loss can be minimized by avoiding excessive heat in the electrophoresis chamber and by avoiding over-clearing.
Yellowing of the clearing solution:
The clearing solution can turn slightly yellow over time, but this does not seem to affect the clearing step or fluorescence intensity. Carefully follow the initial conditions as outlined in Section 3.1. Clearing solution should be renewed when, or preferably before, there is a change in electrical resistance -as evidenced by a noticeable difference in the current to voltage relationship or an increase in heat production.
5. Image stitching failure; tiles do not perfectly register:
When imaging a large tissue sample at single cell resolution, it is extremely important to keep the sample steady throughout the acquisition. It is important to acquire multiple tiled stacks such that the order of tiles minimizes sample movement. A failure to keep the sample steady will result in altered three-dimensional geometry of the sample, and it can cause errors in stitching. Also, consider the working distance of the objectives. Frequently, the objective working distance will determine the maximum depth that can be imaged. Attempting to image deeper than appropriate for the given objective will result in distorted images that are inaccurate and will be difficult to stitch together.
Blurry images:
Blurry images often result from a mismatch in refractive index of the sample and the imaging medium. We recommend: 1) measuring the precise refractive index of each batch of imaging medium; 2) Maintain the samples in the same solution for at least 2 days prior to imaging while periodically adjusting the refractive index to the desired level; 3) Transfer samples with the same solution for imaging without the introduction of air bubbles; 4) Ensure that the imaging chamber is completely dry before filling with imaging medium; 5) Adjust the refractive index of the imaging medium to optimize the balance between tissue clarity, refractive index mismatch with the objectives, and distortion in the lightsheet angles.
Notes
4.1 Maximizing the strength of fluorescence and the transparency of each tissue sample are primary concerns. Longer wavelength fluorophores (e.g., tdTomato) should be chosen whenever possible as the excitation wavelengths required for excitation can penetrate deeper, even in cleared tissue, and will likely provide more consistent results. The following protocol has been successfully used to image tissues expressing mCherry, GFP, YFP, mCitrine, and tdTomato transgenically, as well as tissues expressing these fluorescent proteins from viral constructs. Shorter wavelength fluorescent proteins (e.g., BFP) have been imaged in deep tissues with only limited success.
4.2 Secondary labeling of tissue, for example by antibody staining, has been successful. However, one should currently expect secondary labeling procedures to take several weeks (if not months) when performed on large tissue samples. This is an active area of research and it is likely the antibody staining procedures will become more efficient in the near future. As before, choosing a fluorophore that is shifted towards the longer wavelengths and also provides a strong signal is essential.
4.3
The success of clarifying biological tissues relies on generating a tissue sample with a uniform refractive index. The CLARITY procedure [8] achieves this by removing lipids from the tissue sample with electrophoresis. A low-cost buffer recirculation system for this electrophoretic step can be constructed using the parts listed in Materials. This setup can be constructed for under $1000 and the electrophoretic step can be performed optimally at 37 °C.
4.4 The selection of imaging medium is a critical step since optimized tissue clearing requires the refractive index of tissue and medium to be carefully matched [22, 23] . However, not all refractive index matched solutions are equivalent. For example, organic solvents such as methyl salicylate and BABB clear well [24] , but contain toxic compounds that can also damage microscope components. Many organic solvents also shrink tissue, possibly compromising the underlying structure, and displace water molecules that are essential for maintaining fluorescence from many fluorophores, including nearly all fluorescent proteins. Glycerol based media are cheap and allow precise refractive index matching, but in our experience, the achieved transparency tends to be unstable, making long imaging experiments and tissue storage difficult. FocusClear, a commercially available solution [22, 25] , works well for CLARITY cleared brains [8] . However, the cost of proprietary reagents may be prohibitively expensive for some experiments.
The lack of a low-cost imaging medium that maintains the original structure, provides suitable transparency of samples, and does not quench fluorescence signals motivated us to develop a new transparentizing reagent. This reagent, OptiView, consists of defined chemical components that can be titrated to optimize the refractive index for different samples. For imaging of CLARITY-treated mouse brains, we found that a refractive index of 1.46 is optimal.
4.5 When imaging datasets that require the acquisition of many Z stacks (tiles), data sets can quickly become prohibitively large. Depending on the number of tiles required and number of channels imaged, file sizes may exceed several terabytes in size. Therefore, planning how to store and analyze the data prior to data collection is essential. In the case of lightsheet microscopy, data is acquired extremely rapidly requiring a computer with fast write speeds. Although solid state hard drives are likely not necessary, a RAID array comprised of multiple 7200 rpm hard disk drives is a must. In addition, if different workstations are being used for acquisition and storage, a high-speed 10 Gbit network connection is recommended. It is also recommended to have 100-200 GB of RAM for both acquisition (to buffer images if there is a slowdown in data writing) and processing as some data analysis steps can require large amounts of memory. It is possible to reduce the need for RAM with most image analysis software suites by using virtual image stacks; however, in many cases this will noticeably slow image processing. Access to cluster computing may also be advantageous as many image processing steps can be performed in parallel.
4.6. Spinning disk confocal microscopy is not well suited for imaging thick samples as the pinhole size and spacing of most disks are optimized for high NA objectives with short working distances. The largest drawback to point-scanning confocal is its slow speed. Depending on the chosen field of view, and lateral and axial resolutions, imaging of an entire brain would likely take days. Therefore, point scanning confocal is ideal for generating high-resolution 3D images of smaller regions and not generally useful for imaging an entire organ. Green/red/IR lasers are recommended as blue and near-UV lasers have trouble penetrating deep into tissue even when cleared.
4.7. For best passive clearing results, add a stir bar to the bath to cause the brain to rock, and cover the tube containing the brain with aluminum foil.
4.8. We use the same clearing solution as indicated in . During the electrophoretic process a dark residue that reduces the imaging quality may be deposited on the tissue surface. One solution to this problem is to remove most, but not all of the excess hydrogel prior to the electrophoretic step. Once the tissue has been processed through the electrophoretic step, the remaining hydrogel can be removed along with the unwanted residue.
Additionally, passive clearing for several days at 37° C can reduce the required duration of electrophoretic tissue clearing and minimize damage from the prolonged heating during electrophoresis. Passive clearing by extending the incubation with clearing solution also maintains the highest level of fluorescence and can therefore be used to increase the final signal-to-noise ratio of genetically encoded fluorescent proteins.
4.9 OptiView can transparentize a 1 mm slice of fixed mouse brain without electrophoretic clearing within 1~2 days. It can be pushed to clear 2~3 mm tissues taking about a week but white matter will remain cloudy. In all cases, better transparency is achieved with longer incubation times. If possible, it is helpful to incubate the tissue sample for as long as possible prior to imaging.
4.10. In highly transparent, well-cleared tissue, multi-photon excitation is often not needed as visible wavelength lasers using a single photon process can often penetrate the entire working distance of the objective. As a single photon excitation event is more probable than a multiphoton event, this can result in a higher signal-to-noise ratio and the ability to scan faster [34] . However, multi-photon offers two advantages over single photon: reduced out-of-focal-planebleaching and increased penetration for excitation of blue/green emitting dyes [34] (see Section 2.5.2.1). [35] with the Ai9 tdTomato reporter line [36] . Initial image processing was done using FIJI, and the volume image was rendered using the maximum intensity projection rendering algorithm in Vaa3D. B) An individual imaging plane acquired at a depth of 1mm (arrow panel A) with lightsheet microscopy. Figure 3 . Three-dimensional reconstruction of cell bodies and processes of fluorescently labeled neurons in the olfactory bulb. A) A 600 μm X 600 μm X 150 μm region of mouse olfactory bulb (same conditions as in figure 1 ) was imaged with a Zeiss Lightsheet Z.1 microscope. Initial image processing was done using FIJI, and the volume image was rendered using the maximum intensity projection rendering algorithm in Vaa3D. Axons, dendrites, and potential synaptic contacts are easily observed with this imaging strategy.
Figure legends
